This work proposes a method to estimate increased energy consumption of pumping caused by a drawdown of groundwater level and the equivalent energy consumption of the motor-pump system in an aquifer under intensive exploitation. This method has been applied to the Valley of Toluca aquifer, located in the Mexican highlands, whose intensive exploitation is reflected in a decline in the groundwater level of between 0.10 and 1.6 m/year. Results provide a summary of energy consumption and a map of energy consumption isopleths showing the areas that are most susceptible to increases in energy consumption due to pumping.
Introduction
Intensive groundwater exploitation generally triggers a series of negative environmental and socioeconomic effects (Changming et al., 2001; Esteller and Diaz-Delgado, 2002) . Among these are the drawdown of groundwater level and its corresponding economic impact due to the increased cost of pumping from greater depths and affects on activities that depend on groundwater (Harou and Lund, 2008; Kajenthira et al., 2012; Martin and van de Giesen, 2005; Salameh, 2008) . For example, in irrigation areas, the excessive drawdown of groundwater level can direct impacts changes to irrigation systems, such as result of the increased energy costs due to pumping from greater depths, as well as increased pumping time and decreased pumping efficiency. Cost increases occur because of changes that be done place in well installations for maintaining the same efficiency and production (Ramos and Ramos, 2009; Venot and Molle, 2008; Zacharias et al., 2003) .
Nevertheless, water managers more often concern with water shortages, supply intensification and management and, to some extent, water pollution. They rarely give attention to energy requirements, even though water and energy policies are closely related (Biswas, 2004; MacDonald et al., 2009; Malik, 2002) .
Estimating pumping costs is a significant part of any study related to aquifer remediation or groundwater management models. For example, in a modeling study for the optimal management of an aquifer, Hsiao and Chang (2002) considered both time variations for flow pumping and the total cost, including installation (fixed) and pumping (operations) costs. Study showed the affect of installation costs on the determination of the number of wells and their location. Harou and Lund (2008) used the variable "pumping cost" as part of their hydrologiceeconomic optimization model to study economic effects and management measures that must be taken when an aquifer is already overexploited. Furthermore, because groundwater pumping may represent the biggest portion of energy consumption in water resources management, authors such as Thi Hoang Duong et al. (2011) use it as a strategies indicator and Scott and Shah (2004) apply it as a tool to manage aquifer depletion.
Although pumping costs can be estimated in monetary units, it is difficult to put a precise value on cost increases resulting from lower piezometric levels (Harou and Lund, 2008; Molina et al., 2009) . Estimates only based on monetary units are limited by monetary fluctuations, amortizations and subsidies, as well as other economic instruments that can exist at any given moment may hinder the real impact of cost increases due to a groundwater level drawdown. In light of this "business-as-usual" attitude (Biswas, 2004) , we propose estimating costs based on an evaluation in energy units (joules) to represent the energy consumption involved in extracting water from greater depths e an assessment that can only be affected by significant technological changes. Also, these units could be appropriate to conduct environmental evaluations whose methods use energy units to identify measure and weigh the relationships in a system. This work proposes an easy method for using a territorial approach to estimate the energy consumption of pumping groundwater from greater depths until to the land surface (including energy consumption using the motor-pump system) as a consequence of the intensive exploitation of aquifers. Similar to other studies (Hoque et al., 2007; Carrera-Hernadez and Gaskin, 2007) , this work uses the piezometric level as an indicator of intensive exploitation and aquifer dewatering, highlighting the importance of monitoring this level to manage groundwater resources. Therefore, the method proposed requires a database that provides spatially-distributed information about piezometric levels and volumes extracted from groundwater.
The results obtained using a territorial approach may be used as a management tool to define potential groundwater extraction zones and the likely direction of urban growth by taking into account the groundwater pattern, as proposed by Sekar and Randhir (2007) and Gupta and Srivastava (2010) .
In addition, the study is based on energy units in order to provide the bases for managing the increases in energy consumed to extract water, such as: a) an economic impact in groundwater resources management and b) an externality in terms of an environmental evaluation.
As a case study, we present problems related to the Valley of Toluca aquifer, where the average decline in groundwater levels in urban zones is estimated at 1.4 m per year from 1968 to 2006 (Esteller et al., 2012) , which is caused by groundwater extraction for both local supply and interbasin transfer to the Valley of Mexico (the largest urban population in the country).
Study area
Mexico is one of the largest users of groundwater in the world and faces challenges related to a critical overdraft and a growing energy demand for groundwater pumping. Examples of this can be seen in the aquifers in the Valley of Mexico (Carrera-Hernández and Gaskin, 2007) , Salamanca (Esteller et al., 2011) , San Luis Potosí (Esteller et al., 2011; Martínez et al., 2011) , Guanajuato (Wester et al., 2009 ), Querétaro (Palacios-Vélez et al., 2002 and the Valley of Toluca (Esteller et al., 2011) . Generally, for urban uses, electrical energy represents half of the total cost of water supply processes (Loustaunau, 2011) . Energy consumption for agricultural water use appears to be stagnating nationally, at about 8000 GWh/year (Scott, 2011) . In 2009, this represented about 5% of the total energy demand. It is supported by public agencies through subsidies and accounts for 26% of the energy consumed for groundwater extraction (Avila et al., 2005) . Since the cost is a main budgetary element in public policies concerning the water supply, it is useful to highlight the importance of including methods and tools (not yet developed or implemented) that will help to reduce the cost of energy consumption and manage the effects of depleting the groundwater level.
The Valley of Toluca is located in the Mexican highlands, with an average altitude of 2570 m.a.s.l. In 2005, the population of Toluca's metropolitan area reached 1.61 million inhabitants (INEGI, 2005) , making it the fifth most populated metropolitan area in Mexico. This valley is an important center of industrial (3438 enterprises) and agricultural activity (136 organized irrigation units with a total area of 21,233 ha and 16,724 users) (CONAGUA, 2007) .
The Valley of Toluca aquifer is located in the upper course of the Lerma River, and is part of the LermaeSantiagoePacifico basin (Fig. 1) . Its borders are the AtlacomulcoeIxtlahuaca aquifer to the north, the Tenango Hill to the south, the Nevado de Toluca Volcano to the southwest and the mountains Sierra de las Cruces and Monte Alto to the east; covering a total area of 2767 km 2 . The mountain ranges located in the high-topography portions were produced by a thick sequence of Oligocene andesite and rhyolite, Miocene andesite, and Quaternary basalt and andesite. At lower altitudes, the basin-fill material is composed of lacustrine and alluvial sediments interbedded with clastic volcanic material (pyroclasts, tuff, and breccia) with a composite thickness ranging from a few meters at the boundary with the mountains to more than 500 m (Herrera and Sanchez, 1994; Esteller et al., 2011) . A wide range of hydraulic parameters exist in the Valley of Toluca aquifer due to the lithological and geometric variability of the sediments. Transmissivity values between 90 and 400 m 2 /day are found in the central zone and storativity is between 0.3 and 0.9% (Esteller and Díaz-Delgado, 2002) . The drawdown of the groundwater level in the aquifer has been induced by intensive groundwater exploitation to meet the domestic water supply needs of the valley's population, as well as those of a large percentage of Mexico City's population and, to a lesser extent, for use by industrial and agricultural activities (Esteller et al., 2013) . This intensive exploitation has become evident by both the dewatering of the largest surface water bodies in the basin (Almoloya lagoons) and a negative water balance, estimated at a deficit of 142 hm 3 /year (513 m 3 /ha year), which is covered by the non-renewable groundwater reserve (Mejia, 2003) . It is important to note that the Mexican Republic has piezometric networks in 211 of its 653 aquifers, with a total of 8100 monitoring points (CONAGUA, 2007) . These networks provide basic information to determine the behavior of groundwater levels.
The Valley of Toluca aquifer has a piezometric network consisting of 65 piezometers operated by CONAGUA. Based on the data available for groundwater levels, it was possible to estimate supply zones ranging from 3.6 m in open fields to 61.5 m in urban zones ( Fig. 2) , indicating that if the trend of 1.6 m/year in the urban zone were to continue, the most of extraction wells with a depth of 150 m would have a remaining useful life of no more than 40 years from the year 2006 (not including decreases in the dynamic level).
Materials and methods
The objective of this study is to propose a simple method to determine the energy consumption of groundwater extraction from greater depths and provide strategic information regarding all outputs in order to improve groundwater management. Thus, a method was developed which is presented schematically by the diagram in Fig. 4 .
First, the use of groundwater is an activity that affects regions beyond their political limits. Therefore, the ideal delimitation for water resources management is the area that covers an entire aquifer (1). Likewise, information from monitoring groundwater levels (2) makes it possible to estimate the average annual variation in the piezometric level (3) for the periods of time under consideration (6 and 7 years for the case study). Also, the initial depth of groundwater (4) is defined according to the oldest piezometric level records in order to generate maps, using a geographic information system (GIS) that provide spatially-distributed piezometric information (5).
Similar to volumes of water extracted, an inventory of extraction wells (6) should contain their locations in the same system of reference as the piezometric information in order to assign to each well its initial extraction depth and the mean annual variations in groundwater level (7). Dynamic levels involving the extraction of water can be used when the corresponding field tests are registered for each well. Otherwise, the static level, which comes from the piezometric monitoring network, provides an estimate of the minimum energy consumption of water extraction. The difference between estimating energy consumption using dynamic versus static levels depends on the nearness of the monitoring points to the extraction wells, as well as the number of wells per unit area.
Two types of results can be obtained based on the consideration of the operational characteristics (such as extraction flow and motor power) related to water extraction. First, when information regarding the operational characteristics for each well is available (8), the point estimate and energy consumption summary are obtained for the use of groundwater during a period (12). Second, when using the same operational characteristics for all of the extraction wells (13) e that is, a "type pump"-maps can be generated that identify the areas which are more susceptible to increases in energy consumption due to pumping groundwater (17).
Regardless of the type of results desired, the energy consumption of groundwater extraction must be estimated. The present work considers this energy consumption to have three components: a) the energy consumption of initial pumping operations (9 and 14); b) that due to variations in groundwater levels (10 and 15) and; c) consumption resulting from the use of pumping equipment (11 and 16). The three components are estimated mainly using the equation for the power P ¼ gQHh À1 with which a water flow Q (m 3 s À1 ), with a specific weight g (kg m À3 ), exceeds a hydraulic head H (m) with an efficiency h (MacDonald et al., 2009) . In this case, the power can be measured in kilowatts, but in annual terms, it is preferable to use J/year (1 kW ¼ 1000 J/s ¼ 1000 kg m 2 s À3 ), while the hydraulic head H depends on both the head resulting from the position e that is, the depth of the groundwater e as well as the loss in head in the pumping system. The energy consumption C iniop (kJ/year) for the initial operation (9 and 14 in Fig. 4 ) is defined by Eq. (1),
where the hydraulic head corresponds to the depth H 0 (m) of the piezometric level during the first year on record and the mean extracted water Q 0 (m 3 /s) is the water extracted during that year.
The term 31,536 is the conversion factor for the power P in units (J s À1 ) to the annual energy consumption (1 J s À1 ¼ 365
days Â 24 h Â 3600 s Â 1 kJ Â 1000 J À1 ¼ 31,536 kJ/year).
After initial groundwater pumping operations, the additional energy consumption C var (kJ/year) caused by the variation in the piezometric level can be estimated (Eq. (2)) for a period of n years with a constant extracted flow of Q k (m 3 /s). The hydraulic head is then obtained from the product of the annual mean variation h p (m/ year) in the piezometric level and a factor representing the annual increase in the piezometric level, that is, the sum of integers powers n(n þ 1)(2 À1 ) (Spiegel and Liu, 1999; Fonseca et al., 2010) .
On the other hand, hydraulic head losses are included in the energy consumption C sys of the pumping system (11 and 16 in Fig. 4 ). This element, defined by Eq. (3), consists of the energy consumption C acc (kJ/year) corresponding to head losses caused by valves and accessories and the energy consumption related to the power C motor (kJ/year) of the pumping equipment used. 
The energy consumption C acc (kJ/year) caused by head loss due to the friction of fluid flow through the accessories and installed valves is defined by Eq. (4):
where v 2 (2g) À1 is the velocity head (m) and Kv 2 (2g) À1 is the general equation for local losses caused by changes in the cross-section geometry or by the presence of valves and sluice gates. Many authors (Kabwe et al., 2010; Yildirim and Singh, 2010 ) provide values of K for course changes in pipes with a constant diameter and for different kind of valves, i.e. as a function of the pipe diameter. Furthermore, while for flow through an aquifer, the main head has been considered to be the elevation head, the flow that moves vertically by pumping undergoes friction and velocity losses.
To assess the energy consumption corresponding to motor intensity, a factor was determined which considers the relationship between the volume extracted from the pumping well during a specific time period and the potential volume that could be extracted with the nominal power of the motor (Eq. (5)).
where P n is the motor's nominal power (J/s) and Y Q is the yield of the extracted flow, Q extracted is the volume extracted from the well (m 3 s À1 ) and Q nom is the potential volume that can be extracted with the nominal power (m 3 s À1 ).
The nominal flow (Q nom ) is estimated by calculating the value for the pumping volume Q in the power equation, considering the initial hydraulic head H 0 .
Energy consumption summary
Estimating energy consumption based on the operational characteristics of each extraction well (12 in Fig. 4) , it is possible to calculate: a. Average annual energy consumption per well, EC avgw , dividing the sum of energy consumptions C iniop , C var and C sys of all wells by the number of wells. b. Average annual energy consumption per cubic meter of water extracted, EC avg , dividing the sum of energy consumptions C iniop , C var and C sys by the total annual volume extracted by the pumping wells. c. Total operational energy consumption due to variations in the groundwater level for each period P C var . d. Annual operational energy consumption due to variations in the groundwater level, P C varavg , dividing P C var by n years for each period. e. Accumulated operational energy consumption due to variations in the groundwater level, ( P C varacum ), adding the total 
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operational energy consumption P C var for each period to the previous one. f. Increases in annual operational energy consumption due to variations in the groundwater level, (incr%), dividing the difference between annual energy consumption due to groundwater level variations P C varavg and initial operational consumption P C iniop by the energy consumption of initial operations P C iniop .
Maps of energy consumption isopleths
This process is possible due to the standardization of the extraction characteristics, which was achieved assuming a single type of pumping, leaving only the depth of groundwater level as a variable. Assumption is that, all the pumping wells extract the same volume and through the same pipe diameter, in addition to assuming that they have the same accessories and valves installed, in other words, the "type pump."
It is evident that the estimate of energy consumption is unreal, given the same volume of extraction for all the pumping wells. Therefore, in order to obtain the real energy consumption, the activity of each well was considered as a function of the extracted volume, using Eq. (6):
where d.i. is the number of inactive days of the type pump, V ext is the potential annual extraction volume for the type pump (m 3 /year), V con is the annual volume extracted from the well (m 3 /year), Q TP is the flow of the type pump (m 3 s À1 ) and 86,400 is the conversion factor from a flow rate of m 3 s À1 to a daily flow rate (m 3 /day).
Results and discussion
The method proposed in this work and applied in the Valley of Toluca aquifer was conducted according to the diagram in Fig. 4 . It encompasses 65 points based on data obtained from the piezometric monitoring network. Using the pumping well inventory, with data corresponding to 762 wells, a map of depth isopleths was generated to represent the same groundwater depth as in 1968 (Fig. 5) . This map helped to calculate initial energy consumption. The next stage consisted of constructing maps to represent the same average annual decline for the periods 1968e1975, 1975e 1981 shows the map of drawdown isopleths for the latest period. By locating each pumping well, it was possible to assign groundwater levels and average annual declines as a function of the isopleths and thereby estimate the energy consumption of intensive water extraction, as shown in the summary in Table 1 .
Based on the data in Table 1 , it is observed that:
1. Total energy consumption C sys for the entire aquifer was 4.26 Â 10 7 MJ/year and total energy consumption C iniop was 3.94 Â 10 7 MJ/year. In addition, the total energy consumption resulting from variations in the piezometric level C var was 6.24 Â 10 7 MJ/year during the first period (1968e1975) and increased to 13.3 Â 10 7 MJ/year during the last period ( 1999e 2006). 2. The average annual energy consumption per well increased over time, in spite of pumping wells show that small energy savings during all periods. 3. The standard deviation of the average energy consumption per cubic meter has increased, highlighting the heterogeneity of the groundwater level variation over time and space. 4. The greatest increase in operational energy consumption due to variations in the groundwater level was observed during the period from 1987 to 1993 (particularly in the urban zone, as seen by piezometer PL-158 in Fig. 2) , with a difference of 71% with respect to the previous period. This increase could have caused by the synergy of multiple factors, including demographic and industrial growth (Mejía, 2003) as well as the water transfer to Mexico City reaching its maximum volume (200 hm 3 /year; Esteller and Diaz-Delgado, 2000). 5. During 1999e2006, the average operational energy consumption was 239% more than the initial operational consumption in Note: C sys 1968: Energy consumption of pumping system for 1968, C iniop : Energy consumption of initial operation, SD: Standard deviation, EC avgw : Average energy consumption per well (MJ/year), EC avg : Average energy consumption per m 3 (kJ/year), P C varavg : Annual energy consumption due to groundwater level variation (MJ/year), P C var : Energy consumption due to groundwater level variation for the period (MJ), P C varacum : Accumulated operation energy consumption due to groundwater level variation (MJ), Incr%: Increases of annual operation energetic cost due to groundwater level variation, C iniop . 1968, the first year of the analysis, while values on the order of 1800% were reached in the central zone of the aquifer.
As mentioned at the beginning of this work, estimating energy consumption for aquifer exploitation makes it possible to define an equivalent value in monetary terms in order to determine an economic impact. For example, the economic impact caused by the groundwater level depletion between 2005 and 2006 was estimated based on the electric power production costs of USD 0.03 Â 10 À3 /kJ (Avila et al., 2005) ; this impact was USD 3,642,148, corresponding to an increase of 29.5% in the energy consumption cost of extraction per cubic meter (USD 0.03/m 3 ).
Based on a time analysis (Fig. 7) , it was also possible to show that the drawdown of groundwater levels causes large increases in energy consumption (as much as 36.3% between 1987 and 1993) and monetary costs (as much as 21% between 1999 and 2006), even when the extracted volume of the wells remains constant. This cost may be passed on to the users if we consider that price elasticity is low, about 23% on average for agricultural use (estimated from Scott, 2011) . Fig. 8 shows, in energy and monetary terms, the proportion of operational consumption resulting from variations in the groundwater level, according to water use for the six time periods included in the study. It is important to highlighting that although a lower number of pumping wells was recorded for industrial use as compared to wells for domestic use, the energy consumption and resulting monetary cost to extract the volumes required by the industrial sector represent the highest percentage (48%) of the total energy consumption. This is attributed to the rapid decline in groundwater levels in areas where the industrial water supply wells are located. In other words, 8% of groundwater extracted for industrial use requires 48% of the total energy consumption in this aquifer region.
On the other hand, the following characteristics were considered to generate the maps of energy consumption isopleths with the type pump: 1. An extraction flow of 42 L s
À1
, exceeding any flow from the pumping wells of the aquifer of the Valley of Toluca. A higher volume rate was used in order to ensure that all pumping wells have a maximum of 365 active days per year. Of the 762 wells that have records of extracted volume in the aquifer of the Valley of Toluca, the highest percentage (77%) of pumps supply their annual volume during of less than 73 days of operation. On the other hand, less than 1% must operate up to 365 days in order to supply the annual volume required. 2. A nominal motor power of 50 HP, equal to 37.3 kJ/s (37.3 kW) 3. The pump is a vertical type, with asynchronous velocity (used in deep wells) and a 3500 rpm motor. 4. The valves and accessories are the same for all the pumping systems considered.
For the period from 1968 to 2006, an interpolation of the inverse square of the distance-weighted average was used to generate the map for the proportional increase in operational energy consumption in the Valley of Toluca aquifer (Fig. 9) . It can be seen that, in spite of the recharge of the piezometric level located in some of the zones during the last period (Fig. 6) , an increase in energy consumption exists for the entire aquifer in the year 1968 due to the drawdown in piezometric levels during other periods. In addition, the area with the greatest susceptibility to a rapid increase (1800% with respect to 1968) in the energy consumption of extraction is the central area where the city of Toluca is located e the region where most pumping wells for urban and industrial use are located. Meanwhile, a trend towards energy savings exists in the western area of the aquifer, contrary to the perception that energy consumption has increased in the region. Therefore, areas with higher energy consumption not only represent the groundwater drawdown but also a high density of pumping wells with lower water extraction efficiency.
The estimates performed with this method provided minimal energy consumption since the information used corresponds to static levels in the piezometric network. Real energy consumption will increase according to differences in dynamic levels. This information is available for 574 of the 762 wells registered, but only for the year 2006. The greatest difference between static and dynamic levels is 96 m, while the mean is 16 m with a standard deviation of 15 m and a range of 14.8e17.2 m at the confidence level of 95%.
Conclusions
The proposed method has provided useful information which makes possible improve the groundwater management under a territorial approach. This information includes: estimating increased energy consumption from groundwater extraction in according with the operational conditions of exploitation and; identifying the areas which are more susceptible to increases in this energy consumption through the groundwater level monitoring.
Using the proposed method, it was possible to estimate the effect of intensive exploitation of the Valley of Toluca aquifer on the energy consumption of groundwater extraction. It was found that, for the year 2006, groundwater extraction required 2.39 times more energy than for the conditions observed 38 years earlier. In monetary terms, this corresponds to an increase of more than USD$ 3 million/year, based on the cost of electric energy production in 2005. In addition, it was possible to identify the urban zone of Toluca as the most affected area in this regard, especially where extraction wells for industrial use are located, which represent 48% of the energy consumption of the entire aquifer (the volume of extracted volume associated to this energy consumption is equals with 37.27 hm 3 /year and represents the 8% of total). Nevertheless, zones still exist where the energy consumption of groundwater exploitation has not significantly increased with respect to the conditions observed in 1968 (in the northwest region of the aquifer). This may indicate the relocation of extraction wells that consume greater amounts of energy as a result of technological and financial limitations, and even the direction of the growth of human settlements.
In addition, the energy consumption of the pumping equipment may represent a replacement cost if multiplied by the useful life of the equipment. Nonetheless, this methodology does not yet consider the energy consumption of other factors involved in the extraction of water, such as the perforation of new wells, increases in the depth of existing wells, human resources to operate the equipment and those involved in the structural logistics, and the energy required to monitor piezometric levels.
Thus, the results obtained with this method can be considered complementary to broader analyses of economic impacts or systems of power networks that contain these elements.
Nonetheless, the increase in energy consumption (as well as the corresponding decrease in the volume of available water) due to the drawdown of piezometric levels is an effect of the extraction of water and is ordinarily not regulated by operating entities due to a lack of information about how much water is extracted in a basin, as well as who is extracting it and from where. Therefore, a method that estimates this effect is useful as a tool for the control and management of groundwater resources.
This highlights the importance of identifying the causes of a drawdown in piezometric levels (such as an inadequate distribution of wells), how to measure it (through flow models and monitoring) and its management while achieving territorial planning.
By generalizing the characteristics of pumping wells, the equations used allow for estimating annual energy consumption based on records of extracted water volumes in the aquifer region as well as establishing the susceptibility of particular areas to energy cost increases resulting from variations in groundwater levels. In fact, the density and efficiency of the infrastructure installed in the region also reflect an increase in energy consumption isopleths, providing additional information about the evolution of aquifer levels for the purpose of groundwater management.
The maps of energy consumption according to groundwater extraction made it possible to include each pumping well regardless of the type of water used or the rate plan assigned to it. They are undoubtedly helpful to analyze the impacts of water extraction on the water supply and to easily communicate complex hydrogeological information to a broader audience.
Glossary
The following symbols are used in this paper: C acc : energy consumption equivalent to head losses due to accessories and valves (kJ/year) C motor : energy consumption equivalent to motor-pump system (kJ/year) C iniop : energy consumption of initial operation (kJ/year) C var : energy consumption due to annual increase in groundwater depth (kJ/year) h: system overall efficiency (dimensionless) P C varacum : accumulated energy consumption due to groundwater level variation (MJ) P C varavg : annual energy consumption due to groundwater level variation (MJ/year).
